Two photon microscopy is one of the most powerful techniques for optical images. Its deep penetration, low scattering and mainly its sectioning power allows exquisite control on all three axes of 3D samples, both for imaging and actuation. Unfortunately, this technique involves very expensive femtosecond lasers. Upconverting Nanoparticles display multiphoton absorption at low instantaneous power, which can be achieved by means of cheap laser diodes. Scanning Laser Upconversion Microscopy offers the deep penetration and low scattering of NIR excitation together with the sectioning power of multiphoton techniques for under US$ 1000.
Introduction
Multiphoton microscopies offer important advantages over their 1-photon counterparts: NIR excitation, deeper penetration in living tissue, lower scattering and z-axis sectioning. Among them, the direct sectioning power that arises from a nonlinear emission-excitation relationship is perhaps the more interesting one. The fact that the emission follows the square (or a superior power) of the excitation makes it high just in the focal zone, leaving unperturbed the regions below and over the focal plane, especially when high aperture objectives are used. Optical sectioning can also be obtained through confocal microscopy. However, while confocal techniques illuminates a full bicone of light and pick the chosen plane by means of the collection optics (pinhole), multiphoton microscopies produces the very excitation just in the focal plane, preventing the rest of the sample from reaching excited states that led to emission or further photochemical pathways. This characteristic has two additional advantages: a) photobleaching of probes is confined to the focal zone and b) photochemical actuators can be activated having real 3D positioning.
Since Denk reported the first two-photon microscope 1 , many probes and actuators have been designed and developed for imaging [2] [3] [4] and triggering biological systems [5] [6] [7] [8] . Two (or more) photon absorption is a hard way toward excitation. Most substances have negligible absorption for processes that involve more than one photon. In order to obtain a reasonable emission flux after two-photon (2P) excitation, an enormous instantaneous power density must be delivered into the sample at the time that the average power is kept low in order to prevent damage through overheating. Ti-Sapphire lasers are delicate, big and expensive, being these the main reasons because multiphoton microscopies are not so widely extended as their advantages suggest. In a typical application a 4W average power Ti-Sapphire laser, 140 fs long pulses, 80 MHz repetition can conduct a maximum of 4.5×10 13 W/cm 2 over the sample 9 .
Luminescent nanoparticles are established as useful tools for imaging biological systems. Their uses range from robust probes with very high tolerance to photobleaching 10 to nanosized barcoding systems 11 .
Among nanoparticles, lanthanide-containing nanocrystals show a rather odd behaviour: upconversion.
Upconversion is a photophysical process by which two or more photons of a lower energy are absorbed by a system that eventually decays through the emission of a higher energy photon. Multiphoton excitation and upconversion are two quite different processes. In the first mechanism, two or more photons are absorbed quasi-simultaneously, populating the emitting excited state from the ground level.
A formalism having a virtual state is often used to depict this process, as shown in Figure 1a . Conversely, upconversion involves long lived real states that lays between the ground and the emitting states, which can be populated, accumulating energy that eventually will be released as emission of a short wavelength Even though the photophysics underlying upconversion is different from that of 2P absorption, the equations governing both mechanisms are essentially the same. In stationary state, the emission intensity will scale as a power of the excitation power, where the power is equal to the number of photons needed to reach the emissive excited state. Due to this fact, it is expected that upconversion microscopy would behave as usual multiphoton microscopies, yielding z-axis sectioning. However, reports on using 5 upconverting probes to take advantage on their intrinsic sectioning capabilities are scarce and negative.
Yang et.al. 13 have used upconversion nanoparticles (UCNPs) in a scanning scheme to image labelled cells, although they have not succeeded in obtain intrinsic sectioning power, attributing this failure to the nature of upconversion mechanism and using a confocal pinhole to achieve z-sectioning. Veggel 14 have pointed out the main problem of upconversion excitation: The same characteristics that allow multiphoton absorption with high cross section at low power densities imply that the saturation of the intermediate states becomes important at rather low excitation fluxes, linearizing the effective emissionto-excitation dependence. Some authors have tried to circumvent this issue by applying confocal techniques to upconversion. This is a hard task to accomplish due to the long characteristic times of UCNP emission, which implies very low scanning sweeping speed or image smearing. Romanowsky have devised a clever procedure to reconstruct smeared images through deconvolution, useful for sparse labelling 15 , while Pierce have attacked the problem by means of line confocal microscopy 16 , where just the slow axis needs to be swept. However, these latter approaches also allow image sectioning by means of confocal procedures, not using the intrinsic sectioning power of upconversion as a nonlinear emission process.
We present in this work the first demonstration of full multiphoton sectioning obtained by using upconversion nanoprobes. We characterize the method, showing that the only requisite for having good sectioning power is to prevent saturation, being upconversion similar to traditional multiphoton microscopies in this respect. We measured the main optical characteristics of upconversion microscopy at different regimes. Finally, we solved the problem of having simultaneously long collection times and fast scanning by using parallel descanning through a CCD sensor, and obtained optical sections of highly homogeneously labeled specimens using a low power laser diode as source and an overall equipment three orders of magnitude cheaper than the usual 2P microscopes. In this way, Scanning Laser Upconversion Microscopy (SLUM) opens a new path to inexpensive but precise imaging and/or manipulation of living objects.
Results and discussion
Er-containing UCNPs ((NaYF 4 : 2mol% Er 3+ : 30mol% Yb 3+ ) present absorption at NIR (980 nm) and anti-stokes emission at two main bands: 500-550 nm (( 4 S 3/2 -4 I 15/2 and 2 H 11/2 -4 I 15/2 transitions) and 640-670 nm ( 4 F 9/2 -4 I 15/2 ). The emission spectra is given as supplementary information ( Figure S1 ). Both green and red emission bands correspond to biphotonic processes. Therefore, in absence of saturation the emission scales as the square of the excitation intensity. Upconverting emission is a rather slow process, with characteristic times in the hundreds of µs, which are dependent on the exact composition of the UCNPs. Figure S2 shows the temporal characteristics of the UCNPs used in this work. The long characteristic times associated imply that any imaging based on scanning must be conveyed in one of the following ways: 1) performing slow scan procedures, to collect all the light from any point before passing to the next, or 2) using a parallel descanning method capable to get the emission from points that are not longer excited, without smearing the image by attributing this light to the point being scanned at the moment of detection. The first procedure would make the scan process very low. At 1 ms/pixel, in order to collect most upconverted photons, a VGA-sized image would take 5 minutes. Parallel descanning can solve this issue. We have chosen to use a CCD camera as parallel descanning method. In this way, any pixel at the CCD sensor will accumulate all the photons during a line or frame scan, while the scanning beam can be moved very fast through the specimen. The diagram of the setup is given as supporting information ( Figure S3 ). This fast scanning is also key to prevent saturation of the probes and therefore keep z-axis sectioning while maintaining high average excitation power (vide infra).
In order to evaluate the sectioning capabilities of SLUM it is convenient to image a simple object. We chose a thin homogeneous layer of UCNPs embedded in polystyrene by spin coating. For a Gaussian beam focused onto a sample, the lateral distribution of intensity at the focal plane can be describes as:
where I 0 is the intensity at the center of the distribution, r is the distance from the propagation axis and ω 0 , the Gaussian beam waist, is the distance at which the intensity has decreased to 1/e 2 ≅ 0.135.
The waist ω 0 is related with the wavelength λ and the angular aperture θ:
On the propagation axis, the size of the waist increases below and above the focal plane:
where NA = n sin θ is the numerical aperture of the objective (n = refractive index of the sample).
Therefore, the equivalent area of the illuminated zone at any distance z from the focus is:
For a given photon flux and in absence of absorption, equation (4) For low excitation intensity (100-400 µW), at a scanning speed of 9.6 cm/s, the number of photons that best fit the experimental data is near 1.90, indicating that a 2-photon process is the main emission pathway. In this conditions, the z-range in which the emission of the layer diminishes to a half is about 6.6 µm at half height (Figure 2a, squares) . At a higher intensity (1 mW, circles), the curve broadens as expected from a higher contribution of 1-photon excitation due to saturation near the focal zone. The relationship between excitation intensity and photonicity, showing the saturation zone, is depicted in Figure 2b .
These results clearly show that saturation must be avoided to get good sectioning power. There are two ways to achieve this goal: to lower the excitation density or to increase the scanning speed, in order to allow the probes to receive light just a very small fraction of the time. As was already demonstrated, both strategies are completely equivalent and short pulse excitation yield the same results that low intensity in order to prevent saturation 12 .
The Point Spread Function (PSF) of an imaging system describes the response of this system to a point object. Any obtained image can be described as the convolution of the imaged object with the PSF of the system. Therefore, it is useful to obtain the PSF of a system as a basis for comparison 17 µm. The differences with the theoretical values for perfectly focused Gaussian beam (∆x =0.9 µm and ∆z = 6.9 µm respectively) can be ascribed to chromatic aberration and slight misaligning through the optical system. In order to show the power of the technique, we have chosen a suitable specimen to compare zsectioning. Figure 4 shows series of images of a pollen grain (Abutilon grandifolium) covered with UCNPs and immersed into ethyl salicylate (η = 1.52) which was imaged at different planes with the same optics but varying the parameters in order to obtain linear or multiphoton images. Seven of these image (Figure 4e ), in complete accordance with the image obtained by SEM (Figure 4f ). While the SEM picture is somewhat distorted due to the high vacuum needed to image it, the 3D reconstruction preserves the near spherical shape.
It is important to emphasize that the observed sectioning was not obtaining by means of eliminating off-focus light as in confocal procedures, but due to the intrinsic nonlinear nature of the involved process.
This fact indicates that the same strategy can be used to achieve true 3D localized excitation than can be used to elicit photochemical responses (i.e. drug uncaging, polymerization, etc.) in thick systems, as usual with standard 2P techniques. Further research on these applications are being carried on. 
